Abstract-We present a neuromorphic pattern generator for controlling the walking gaits of four-legged robots which is inspired by central pattern generators found in the nervous system and which is implemented as a very large scale integrated (VLSI) chip. The chip contains oscillator circuits that mimic the output of motor neurons in a strongly simplified way. We show that four coupled oscillators can produce rhythmic patterns with phase relationships that are appropriate to generate all four-legged animal walking gaits. These phase relationships together with frequency and duty cycle of the oscillators determine the walking behavior of a robot driven by the chip, and they depend on a small set of stationary bias voltages. We give analytic expressions for these dependencies. This chip reduces the complex, dynamic inter-leg control problem associated with walking gait generation to the problem of setting a few stationary parameters. It provides a compact and low power solution for walking gait control in robots.
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I. INTRODUCTION
L EGGED robots, like animals, should be able to make use of different walking gaits in appropriate response to terrain, speed, and task. In general, this should help to simplify movement tasks, e.g., turning, and also to lower energy consumption at a given speed-in analogy to what has been observed in horses [1] . The coordination of movements required for successful locomotion is a complex problem involving many degrees of freedom. Walking gait control can be split into two control problems, that of the individual leg movement and that of inter-leg control. The latter determines the phase relationship between the legs and hence the walking gait, in accordance with the definition of gait established by Muybridge [2] and later refined by Alexander [3] . The idea underlying the work we present here is to simplify the inter-leg control problem by splitting it into two stages: 1) a pattern generator that transforms a small set of stationary parameters into rhythmic outputs that can be used to drive the motors of a legged robot to yield a rhythmic walking pattern (i.e., gait) and 2) a learning machine which enables the robot to learn those parameters that lead to a desired gait. We have demonstrated the utility of this system in an earlier, short paper [4] and here we elaborate in detail on the pattern generator.
It was realized early in the development of autonomous walking machines that computing the inverse kinematics to control a legged machine is extremely CPU intensive [5] and that distributed motor control schemes are more efficient [6] - [8] . Those ideas were largely inspired by biological findings on motor control, an area that was for most of the 20th century dominated by the attempt to decide between two controversial hypotheses stating that rhythmic movements, such as walking, are controlled either by reflex chains or by central pattern generators (CPGs). CPGs are centers in the nervous system that create rhythmic output even if they are not connected to any sensors. Many groups have found those pattern generators in different animals and showed-for many behaviors including swimming, walking and breathing-that neural activity was sustained in isolation experiments (for a review, see [9] ). These findings, together with some theoretical understanding of how networks of coupled oscillators generate patterns with different symmetries that can be mapped to different walking gaits (see, for example, [10] - [14] ), have inspired many walking controllers for robot locomotion (for example, [15] - [20] ) as well as some neuromorphic central pattern generators, e.g., [21] - [27] . The approach we take here is different from previous CPG-inspired walking controllers in two ways. Whereas most CPG-inspired controllers that have been used for robot locomotion are simulations of model neurons run on a general-purpose computer [15] - [19] , our pattern generator is a neuromorphic system, compact and small, implemented as very large scale integrated (VLSI) circuits on a chip. Compact solutions like this with low power consumption are important for the future of autonomous robots. In contrast to other neuromorphic pattern generators, in which the CPG was built from silicon neurons implemented with different levels of detail [21] - [27] , we have made our pattern generator as simple as possible. On the one hand, this reduces the number of control parameters. On the other hand, the particular beauty of our approach is that the circuits in the oscillators of the CPG are so simple that they can be described by linear differential equations which can be solved analytically and, therefore, we understand the functional relationship between the control voltages and the output of the CPG which in turn we know how to map onto the walking behavior of a machine.
The oscillator circuits we use mimic motor neurons in a strongly simplified way. They are inspired by and very similar to circuits which were first used for robotic locomotion by Tilden (see, e.g., [28] and, for an analysis of those circuits, [29] ). The output waveforms of the oscillator network are abstractions of neuronal bursts, capturing in square wave functions only those values of the neuronal output which are relevant for controlling the inter-leg coordination in a robot. These are: 1) the burst duration; 2) the inter burst frequency; and 3) the phase lag between the onsets of bursts of different neurons. The corresponding quantities that characterize the output waveforms of the oscillator networks are: 1) the duty cycle of each oscillator; 2) the oscillator frequency; and 3) the phase lags between oscillators. 1 The circuits on our chip, being significantly more compact than previous neuromorphic CPG neurons, are nevertheless sufficient to control inter-leg coordination, and furthermore, their square wave output voltages can directly control dc-motors, such that no additional motor-neuron layer is necessary. Instead of allowing functional reconfigurations of the CPG, as is done in [27] to produce different walking gaits, we ask which fixed architecture contains the fewest oscillators and can still produce all observed four-legged animal gaits. We find such a minimal architecture for a pattern generator in Section II-C. Switching between gaits is simply implemented by changing control parameters.
We use Alexander's classification of gaits in which a walking gait is defined solely by the phase lags between the rhythmic movements of the legs. Fig. 1 illustrates the quadrupedal walking gaits distinguished by Alexander. Walk, trot, and gallop are gaits used by many animals, and transitions between them often occur as the animal increases its speed [1] . The pace gait is used by camels and the bound gait by animals like the Siberian souslik [30] . Although, in this paper, we focus on four-legged locomotion, it is easy to see that the pattern generator could be extended to more than four legs by adding more oscillators.
II. NEUROMORPHIC WALKING GAIT CONTROL CHIP
The gait control (GC) chip takes a set of stationary voltages as input parameters and produces for each value in parameter space a rhythmic set of output voltages with certain phase relationships, duty cycles, and a certain common frequency. The output voltages are step functions that can be used to drive dc-motors which move the joints of a robot. In our case, to control walking gaits, they move the hip joints of a robot. Therefore, the phase relationships between the output voltages determine the walking gait of the robot. The common frequency sets the step frequency and the duty cycles of the motors can be used to control the walking direction of the robot: if all duty cycles are identical, then any robot with symmetric mechanics will walk forward. However, robots with certain mechanical properties will turn in response to an asymmetry in the duty cycles of leg movements. In the following circuit analysis, we will compute as a function of the input parameters 1) the frequency and duty cycle of an uncoupled oscillator (Section II-A) and 2) the phase lag between 1 In the entire paper, we give phase lags in units of 2. two coupled oscillators (Section II-B). We will analyze the behavior of pattern generators with a chain-of-oscillators architecture (Section II-C) and compare it to a ring-of-oscillators architecture (Section II-D). Our circuit analysis predicts that a chain of coupled oscillators suffices to control the walking gaits of an legged machine. Experimental results verify this for (Section III).
The GC chip consists of oscillator circuits and circuits that couple two oscillators. At frequencies useful for locomotion, the coupling is unidirectional, affecting only one of the oscillators. On the chip, there are two pairs of coupled oscillators (with two input lines and two output lines for each pair), one single oscillator that is not connected to any other circuit on chip (with one output line), and two unconnected coupling circuits (with two input lines and two output lines each). Input and output lines are connected to pads and hence the components on the chip can be connected off-chip in different ways. That allows for the implementation and study of controllers with different architectures. A circuit diagram for two coupled oscillators is given in Fig. 2 , and a sketch of all components on the chip is shown in Fig. 3 . The uncoupled oscillator is identical to the oscillator circuit in the top row of Fig. 2 , while the additional coupling circuits on the chip follow the same circuit diagram as given in the middle row of Fig. 2 . All oscillators on the chip have only one output line connected to pads, because the other output voltage is always the mirror image. It is therefore unnecessary to connect it to another pad, instead we can use an inverter off-chip to reproduce the second output. The layout is extremely compact, containing less than 80 transistors, leaving room for possible extensions to larger networks of oscillators on one chip. On this chip, however, we have a large empty area which we used for on-chip capacitors. The size of these capacitors is not a limiting factor because, as we will see in the following, as long as the capacitors are all identical, the phase lags between oscillators do not depend on the value of the capacitance [see (26) ]. 2 Since the oscillation frequency of the networks we propose to use for gait control depends on the time constant in the circuit, smaller capacitors could be compensated by adjusting the bias voltages of the transistors in the circuit to smaller voltages. 3 This would, within a large voltage range, not violate the assumptions we are making in the circuit analysis and hence our results would still hold. Alternatively, off-chip capacitors could be used. The chip was fabricated using a CMOS 1.2-m process.
A. Oscillator Circuit
The oscillator segregates into two identical, reciprocally connected subcircuits. Each subcircuit consists of an inverter (tran-sistors M2 and M3 in the upper left part of Fig. 2 ), a capacitor , and an nFET transistor M1 connected between the input node of the inverter and ground. The gate voltages and in Fig. 2 are the control parameters of the oscillator. An oscillation is triggered by a step from ground to the supply voltage at either one of the two output nodes, . 4 Such a step occurs when the chip is powered up, making the oscillator circuit self-triggered. The oscillation can be stoped by opening the two M1 transistors.
To compute how frequency and duty cycle of the oscillator depend on the bias voltages of the transistors, we focus on one subcircuit of the oscillator. Transistor M1 operates in the subthreshold regime, since the gate voltage, denoted by , has to be smaller than 0.8 V to produce an output waveform in the frequency range that is needed to generate locomotion (approximately 0.5-2 Hz). Let be the time after voltage has risen from ground to , the supply voltage. The subscript denotes the side of the oscillator not equal to , i.e., if and vice versa. The transient rise at causes to rise to the voltage . Note that we neglect here and in the following treatment any transient behavior at the on-and off-sets and assume that both on-and off-sets take no time. We can do this, because the time constants with which the inverters switch are much smaller than the period of the oscillation suitable for a robotic locomotion application.
We define the signal time as the time it takes the voltage at the input node of the inverter to decay from its maximum value at time to the threshold voltage of the inverter, , i.e.,
. Then, by definition, during the time . All p-and nFET transistors on the GC chip have the same widths and the same lengths and hence is given by [31] (1) where and are the threshold voltages for the inverter's pFET and nFET transistors, respectively. and denote the mobility of the charge carriers. From it follows that for , where is the temperature, the Boltzmann constant and the charge. Transistor M1 therefore operates in saturation and the drain current through M1 is given by [32] ( 2) with (3) where is the subthreshold slope coefficient and is the zero bias current. During the time , the voltage at node is constant and equal to , and Kirchhoff's current law implies for the voltage (4) where denotes the capacitance. Note that all capacitors on the chip are identical. We solve (4) with the initial condition , substitute , solve the resulting equation for and obtain (5) The period of the oscillator is the sum of both half-cycles (6) and the oscillation frequency is given by . In (6), we have assumed that and are the same for both subcircuits. This is a reasonable approximation, given that the layout of both subcircuits is identical.
For the case that , the duty cycle of the oscillation is 50%. This is implemented by setting the bias voltages on both sides of the oscillator to the same value . Assuming that all components are the same on both sides of the oscillator, the period becomes (compare Fig. 4 5 ) 6 (7)
In general, we define the duty cycle with respect to , as (8) which depends on the difference of the bias voltages on both sides of the oscillator circuit (9) 5 All measurements in this paper are taken at roughly room temperature. We did not carefully control the temperature beyond the usual temperature regulation of the building. 6 With smaller capacitors, the control over the period would not become more difficult-the exponential decay is controlled by the coefficient . The range of obtainable frequencies, however, does change with C : P = P (V = 0) = (2C=I ) (V 0 V ). But periods of up to ten seconds (which is certainly slow enough for most walking applications) would still be obtained if the capacitors were roughly six orders of magnitude smaller than the ones on this chip (using the numerical values in the caption of Fig. 4) . 
B. Coupling Circuit
Two oscillators are coupled by two transmission gates, one on each side of the oscillator circuit, connected between the output node of one oscillator and the input node to the inverter of the other oscillator (see Fig. 2 ). At the low frequencies which are relevant for locomotion, the coupling only affects the second oscillator, because the inverters of the first oscillator act as impedance buffers. For ease of reference let us call the first oscillator the master oscillator and denote its parameters and voltages with subscripts , while we call the second oscillator the slave oscillator, labeled with subscripts . The bias voltages of the pFET transistors of the transmission gates, denoted by , control the coupling strength.
1) Phase Lag Between Two Oscillators:
The coupling induces a time delay between the edges of the square wave oscillations in both oscillators. In general, the oscillator circuits (including the coupling circuits) do not have to have identical values of bias voltages on both sides. Therefore, the duty cycle of each oscillator can differ from 50% and there are two delay times, and (see Fig. 5 ). For ease of reference, we thus define two phase lags, one for each half of the oscillation (10) where is duty cycle of oscillator and is the common oscillation period of both oscillators. Having a common period is important for generating walking gaits. For all values of the bias voltages that are shown in Fig. 6 , the oscillators have a common period.
To compute the delay times as a function of the bias voltages of the transistors, we make the approximation that all transistors operate in saturation. For this, we have to assume that V. This is a good approximation of the true initial value, if there is enough time for the voltage to discharge, between the last time switched from to ground and the time . This can be assumed to be the case for the locomotion frequency range. We now consider the following situation: a switch from low to high occurs in the output voltage of oscillator , , while the voltage is small. is the voltage at the node in oscillator that oscillator couples into. This situation is characterized by for for (11) (12) V (13) With these assumptions, the current through the transmission gate is given by (14) The current through the single transistor (M1) is the same as before [compare (2)] and Kirchhoff's current law implies (15) with
We solve (15) with the initial condition , substitute and solve for . We obtain (18) with
From (18) we can see that is only defined if the argument of the logarithm in (18) is larger than zero. This yields a constraint for the sum or (23) Rough numerical values for the bounds are (24) Thus, there is a small region of approximately 100 mV in which diverges. We have observed this singularity experimentally, however, it occurs outside of the range of bias voltages applied for the use of the chip in the context of locomotion (compare Fig. 6 ).
is zero when the transmission gate opens . Then, the term in front of the logarithm in (18) becomes . The denominator of this term is dominated by , which is on the order of . Thus, this term vanishes and therefore .
C. Chains of Coupled Oscillators
An additional oscillator can be connected to the two coupled oscillators of Section II-B such that the slave of Section II-B is the master to the third oscillator. We can continue in this fashion to create chains of oscillators. For each of them, the results from Section II-B apply, i.e., the common period of the system is set by the master oscillation, given by (6), the duty cycle of which is given by (9) , and the phase lags in the system are given by (10) together with (9) and (18) . The duty cycle of the th oscillator in the chain is set by the duty cycle of the th oscillator, and by the delay times between oscillators and , via (see Fig. 5 ) (25) If we consider a symmetric circuit with duty cycles of 50%, then the functional dependence of the phase lags between the oscillators on the parameters simplifies and it is instructive to write the equations out. 7 Equation (10) becomes and substitution of (7) and (18) yields (26) With . If the bias voltages for all oscillators are the same , then depends only on the sum of and the bias voltage of the transmission gate . The factor before the logarithm reduces to and the dominating dependence on becomes exponential (compare Fig. 6 ). The phase shift between two oscillators ranges between 0.5 and 1 as can be seen from Fig. 6 . The lower bound arises because the delay time is lower bound by zero, while the upper bound is enforced by the constraint that all oscillations should have the same frequency. We have seen period doubling at higher values of the coupling voltages, and this could be useful for very specific applications, for example as in [26] , where the knee flexor moves at double the frequency as the knee extensor and the hip. However, in this article, we are primarily interested in walking gait control and therefore limit our analysis to movements with a common oscillation frequency. The GC chip's step function outputs are used to move dc-motors back and forth, and thus the range of phase shifts is equivalent with and easily transformed to the range 0 to 0.5 by switching the polarity of a motor. This way the range can also be extended to the full range at the cost of one extra bit of information per motor. We can drive the legs of a walking machine with a chain of four coupled oscillators that is arranged in the following way: the master oscillator drives the front left leg, the second oscillator in the chain drives the hind left leg, the third drives the front right leg and the fourth the hind right leg. Then, the challenge of producing the quadrupedal walking gaits, as shown in Fig. 1 , reduces to producing the phase lags shown in Table I . We see immediately from the curves in Fig. 6 that the pattern generator will produce any of the gaits walk, canter, trot, gallop, pace, bound and pronk-given the correct control voltages. A complete set of all gaits is given in Section III together with measurements of the leg movements of a robot that is controlled by this oscillator network.
D. Rings of Coupled Oscillators
Rings of coupled oscillators are often used as a model to explain the generation of animal walking gaits [10] - [12] . The main idea is that the change in one global parameter, like the common frequency or the coupling strength, leads the system through a series of different gaits via symmetry breaking bifurcations. The oscillators are usually assumed to be nonlinear and by far more complex than the ones we have implemented here. In our case, a ring of oscillators is formed from a chain by coupling the output of the th oscillator into the first oscillator which was the master oscillator of the chain. Since now each oscillator is enslaved by one other oscillator, the common oscillation frequency is no longer given by (6) . At frequencies interesting for robotic locomotion we find bi-stability for most combinations of the control parameters. Two different modes occur, one of which (mode 1) can be mapped to a walk-like gait [ Fig. 7(a) ]. The second mode (mode 2) occurs with a higher frequency [ Fig. 7(b) ] and can be mapped to a fast trot-like gait. To use both gaits in one system, we need to switch the polarity on some of the motors.
Analysis of related circuits [29] suggests that to achieve more complex behavior and more gaits, one needs to use rings of larger size. Altogether, the performance of a ring controller made from these types of oscillators is rather limited compared to the range of gaits that a chain of four oscillators can generate and the straightforward control we have over them.
III. LEARNING TO WALK
The CPG controller we have introduced here can produce patterns for controlling all of the observed animal gaits. We map the voltage output patterns of the chip to the movements of a robot by using them directly to drive dc-motors at the hip joints of a four legged robot. The output of each oscillator therefore corresponds directly to moving the respective leg back and forth. Stance phase is implemented by magnetic feet, which turn on during the backward movement and turn off during the swing phase, thus breaking the symmetry and propelling the robot in one direction. We use this extremely simple machine (Fig. 8) , because it allows us, with a kinematic model, to analytically calculate the trajectory of the robot, given the output of the chip. Together with the analytical results in Section II, this gives us an analytical understanding of how the control parameters of the chip map to the movement of the robot. It is out of the scope of the present paper to present the kinematic model, we refer the interested reader to [29] . However, it is important to point out qualitatively, how the output parameters of the chip control the walking pattern of the robot: The common frequency of the oscillators corresponds to the step frequency. The duty cycle of an oscillator corresponds to the fraction of the time in a cycle during which the leg is in stance versus swing phase. Identical duty cycles thus result in forward locomotion, while breaking the symmetry between the duty cycles of the legs on the right and on the left side of the robot results in turning. 8 The phase lags between the oscillators determine the gait as discussed in Section II-C and listed in Table I .
Although we have calculated explicit analytical relationships between the control parameters of the chip and its output parameters (and thus the gait of the robot), due to transistor mismatch and related problems [32] , [33] , these values can only be used to set a range in which to search for the desired output pattern, and the parameters have to be fine tuned. Instead of fine tuning by hand, we use a learning procedure which is based on an unsupervised Support Vector Machine algorithm [34] to learn the parameter regime in which the desired gait occurs, and we then set the bias voltages close to the center of gravity of this region to maximize gait stability. The region in parameter space is large enough to ensure that the gait is stable, extending typically over a few millivolts to a few tens of millivolts across each dimension. This learning procedure allows the robot to learn gaits automatically and autonomously (i.e., without requiring fine tuning by the experimenter), and it is an elegant way of 8 For experimental results on turning, we refer to [29] .
automatically fine tuning parameters to deal with the problem of transistor mismatch. In principle, this idea could be carried over to many analog VLSI (aVLSI) systems which require fine tuning of many parameters, such as spiking neurons [35] , [36] . For details on the learning procedure, see [4] and [29] .
Results of the walking patterns are shown in Figs. 9-16. The four traces in the upper panels are the outputs of the four oscillators and the four traces in the lower panels reflect the position of the respective legs. We measure the voltage at potentiometers which are attached to each motor at each hip joint and this voltage (which is normalized to the interval ) is proportional to the angular displacement of the leg. An increase in angle means that the leg moves backward with respect to the body's direction of movement, thus propelling the body forward (stance phase). The four legs are distinguished by the following abbreviations in the caption and symbols in the plot: left front leg (LF; dots), right front leg (RF; circles), left hind leg (LH; crosses) and right hind leg (RH; stars). The four traces of the leg movements are overlaid to aid the discrimination of the phase relationships between them. Raw data is plotted, which is subject to noise caused by both the mechanics of the setup, in particular the potentiometers, and by the data acquisition, which does not sample at a high enough frequency. 9 The numbers given in the captions for the period, , and the phase lags are obtained by averaging over 20 periods. Thus the data displayed can deviate slightly from these numbers. The phase relationships of the four voltage traces obtained from the potentiometers characterize the gait of the robot. For completeness, Figs. 12 and 13 show results for transverse and rotary gallop, respectively. We omitted this distinction in the introduction for simplicity, but there are two gallops, one in which the legs move as in Fig. 1, this is the transverse gallop. In the rotary gallop, the legs move in chip (as discussed in Section II-C) is actually expressed in the movement of the robot.
To produce these results, we did not have to learn the ten bias voltages that we can individually control in a chain of four oscillators. Instead, we set all bias voltages on one side of the oscillators (with the same value of the subscript ) to the same value:
. There are now two parameters, and , which control the common frequency of the network and the duty cycle of the master oscillator. (In the data shown here, this duty cycle is 50%, causing the robot to walk straight forward. This allows further elimination of one parameter, but in general, we have to keep both parameters.) The remaining six control voltages on the couping circuits are responsible for the duty cycles of the remaining three oscillators and for the three phase lags in the chain. We therefore control eight variables (common period, four duty cycles, three phase lags) with eight parameters.
IV. DISCUSSION
Networks made from oscillators of the kind discussed in this paper can be used to control the walking patterns of a fourlegged robot by driving the motors that actuate the hips of the robot or alternatively by triggering whatever rhythmic motion the legs execute. A chain of four oscillators is the smallest circuit that allows for the generation of all quadrupedal walking gaits. The chip we presented here serves to reduce the complex, dynamic coordination problem involved in generating the walking gaits to the determination of a small set of control parameters which are applied as stationary voltages. We gave analytic expressions for the frequency, duty cycle and phase lag as a function of those control voltages.
Due to transistor mismatch, fine tuning of the control voltages is required. We solve this problem using a learning procedure.
Extension to six-legged machines is straightforward, using a chain of six instead of four oscillators for inter-leg control. Walking gaits that require phase shifts smaller than 0.5 can easily be realized by switching the polarity on the output of an oscillator at the cost of one extra bit of information per oscillator. Extension to multijointed robots is also possible. Since the coupling is unidirectional, we can attach to every oscillator of the original chain another chain of oscillators. For example, for a four-legged robot with three joints per limb, we would drive the hip joints with a chain of four oscillators and within each leg the knee would be driven by an oscillator that is enslaved by the oscillator that drives the hip. The ankle in turn would be driven by an oscillator enslaved by the one that drives the knee. However, one has to be careful about the particular movement that is intended. For all rhythmic movements with the same common frequency, the extension of our circuits is straightforward, but if movements require one or several oscillators in the network to move at a different period then the others, more work would be needed to explore period doubling effects at strong coupling.
As we have seen, the phase lags are smooth functions of the respective control parameters, and therefore transitions between different gaits can either be smooth or abrupt, implemented by a slow or a fast change of the control parameters, respectively. Having this flexibility can be of great advantage in real world applications as abrupt transitions are useful for fast gait changes while slow transitions might be more appropriate for example when the robot is turning while it is making the gait transition.
Sensory feedback can be incorporated into the controller simply via a change in the control parameters of the chip, because those parameters directly determine the walking behavior, as we have shown. Since the control parameters are voltages, they can be changed by sensory feedback provided by any device, the output of which, either is or can be transformed into an analog voltage. Those devices include photo diodes, potentiometers and other simple sensors as well as more complex, neuromorphic sensors like silicon retinas. Future research could explore the usage of the GC chip in combination with a variety of such sensory devices.
The GC chip does not require the robot to have specific mechanical characteristics. It can be used on a large spectrum of walking machines because its output characteristics can be adapted and learned by learning the control voltages. This makes the pattern generator we have presented here broadly useful. 
